The conjugation of xenobiotic carboxylic acids with b-Dglucuronic acid to yield 1-O-acyl-b-D-glucopyranuronates (1b-O-acyl glucuronides) is a major metabolic pathway for many compounds, including 2-arylpropionic acids (profens). The 1b-O-acyl glucuronides are labile and reactive in neutral and mildly alkaline aqueous solution, and undergo both hydrolysis and intramolecular acyl migration (Fig. 1) . In acyl migration, the aglycone is transferred from the 1b position to the neighboring 2-hydroxyl group on the glucuronic acid moiety via an ortho-acid ester intermediate. 1, 2) This process continues on to the OH-groups at C-3 and C-4, thereby forming several regioisomers. The glucuronide regioisomers readily ring-open and mutarotate to give a-and b-anomers. The acyl migrations are generally reversible, but acyl migration from C-2 to C-1 to reform the 1b-O-acyl glucuronide is not commonly observed. These acyl glucuronides are capable of reacting with protein nucleophiles to form covalent adducts.
Profens possess a chiral center and are marketed as racemates. Profens are metabolized predominantly to the diastereomeric acyl glucuronides with different physicochemical properties. Consequently, the diastereomeric acyl glucuronides might have distinct toxicological actions and be differentially eliminated. Although the stability of the diastereomeric acyl glucuronides has been investigated in several profens, 7, [14] [15] [16] [17] [18] [19] little information is currently available on the factors that contribute to stereoselective differences in the degradation process.
Enantiomeric 2-phenylpropionic acids (PAs) possess the fundamental structure of profens (Chart 1) and have been used as model substrates of profens to study the stereoselective metabolism and disposition of profens. PAs show similar pharmacokinetic properties to other profens, as observed in stereoselective isomerization and glucuronidation in rodents. [20] [21] [22] [23] We have previously observed that ( 
in an aqueous solution at pH 7.4. 24) In this paper, we have investigated the diastereoselective degradation of 1PG by kinetic experiments under various temperatures.
MATERIALS AND METHODS
The HPLC system consisted of a Waters (Milford, MA, U.S.A.) M600E multisolvent system, a Waters U6K injector, and a Waters lambda Max 481 UV absorbance detector operated at 220 nm. Analytical HPLC was carried out on a Wako (Osaka, Japan) Wakosil II3C18RS column (3 mm particle size, 150ϫ4.6 mm, I.D.) using a mixture of 10 mM sodium phosphate buffer (pH 6. Degradation Kinetic Study To a screw-capped conical centrifuge tube (100ϫ16 mm I.D.) were added (R)-or (S)-1PG (350 nmol) in acetonitrile (0.1 ml) and 3-phenylpropionic acid (3-PA; 100 nmol) in acetonitrile (0.1 ml) as an internal standard. The solvent was evaporated under a stream of nitrogen and the residue was dissolved in 10 mM sodium phosphate buffer (pH 7.4) (0.5 ml). The solution was incubated at 300, 305, 310, 315 or 320 K, and an aliquot of the solution (0.01 ml) was subjected to the HPLC system at 1 min and then at 40 min intervals after reconstitution.
Calibration curves for (R)-1PG, (S)-1PG and PA were prepared using solutions containing known amounts (10-600 nmol) of these compounds and 3-PA (100 nmol) in acetonitrile. The regioisomers of 1PG were assumed to have the same molar extinction coefficients as that of 1PG and were quantitated using the calibration curve for 1PG.
RESULTS AND DISCUSSION
Following incubation of (R)-or (S)-1PG in sodium phosphate buffer (pH 7.4) at 310 K, aliquots of the reaction mixture were periodically subjected to HPLC. The time courses for the disappearance and formation of the isomeric glucuronides and aglycone are shown in Fig. 2 . Both (R)-and (S)-1PG decreased with time by pseudo first-order kinetics, and 2PG, 3PG and 4PG were formed in that order. The overall degradation (hydrolysisϩacyl migration) half-lives of (R)-and (S)-1PG calculated from the slope of those lines were 1.79Ϯ0.01 and 3.51Ϯ0.03 h, respectively. The stereoselective difference was consistent with previously reported studies for other profens. 7, [14] [15] [16] [17] [18] [19] Measurement of the 1b-O-acyl to 2-O-acyl migration rate is particularly important because the rate is considered to directly influence the extent of covalent binding to proteins. 25) Therefore, the individual rate constants for acyl migration and hydrolysis were calculated based on the kinetic model depicted in Fig. 1 . The kinetic model assumes that the acyl migration and hydrolysis follow first order kinetics, that hydrolysis proceeds from each regioisomer and the acyl migrations are reversible except for the initial acyl migration from 1PG to 2PG. 19) Differential equations for the kinetic model are as follows:
where C 1 , C 2 , C 3 , C 4 , and C 0 denote the concentrations of 1PG, 2PG, 3PG, 4PG and PA, respectively, k ij denotes the rate constant for acyl migration from i-isomer to j-isomer and k i0 denotes the rate constant for hydrolysis of the i-isomer. The computer program 26) used the Runge-Kutta-Gill method, and values for the parameters were obtained by a least squares estimation using the steepest descent method. Initial estimates of the rate constants were obtained by graphical analysis. Table 1 shows the calculated rate constants for acyl migration and hydrolysis. The rate constant for acyl migration from (R)-1PG to (R)-2PG (0.377Ϯ0.005 h ), whereas the hydrolysis of 1PG was not stereoselective. In both (R)-and (S)-1PG, the rate constant values for acyl migration from 1PG to 2PG was one order of magnitude larger than those for the hydrolysis of 1PG. These results indicate that the stereoselectivity in the disappearance of 1PG is governed by acyl migration from 1PG to 2PG.
The differences in reactivity in the acyl migration from the 1b-O-acyl isomer to the 2-O-acyl isomer of diastereomeric 1PG were evaluated from a thermodynamic viewpoint. The lability of (R)-and (S)-1PG was determined at temperatures in the range of 300-320 K, and the rate constants for acyl migration and hydrolysis reactions were calculated as described above. The rate constants for acyl migration from 1PG to 2PG (k 12 ) and the hydrolysis of 1PG (k 10 ) increased with temperature ( Table 2 ). The activation energies (E a ) and frequency factors were calculated from the Arrhenius plots. However, the reactivity could not be discussed based on E a because the frequency factors differed from one another. The enthalpy of activation (DH ‡ : R, 80.30 kJ/mol; S, 89.38 kJ/mol) and the entropy of activation (DS ‡ : R, Ϫ62.45 J/mol/K; S, Ϫ39.43 J/mol/K) were obtained from Eyring plots (Fig. 3) . The free energy of activation (DG ‡ ) for acyl migration at 310 K was then calculated using the following equation:
The DG ‡ for acyl migration of (R)-1PG (99.67 kJ/mol) was smaller than that of (S)-1PG (101.60 kJ/mol). The difference in DG ‡ (1.94 kJ/mol) could be regarded as significant since the reproducibility of measurement in the rate constant k 12 was estimated to be Ϯ5%, which corresponded to Ϯ0.1 kJ/mol in DG ‡ . The results indicate that (R)-1PG is thermodynamically more reactive in the acyl migration of 1b-O-acyl to 2-O-acyl than the (S)-antipode.
The present study shows that the reactivity for acyl migration of (R)-1PG to the 2-O-acyl isomer is higher than that of its S-antipode in an aqueous buffer at pH 7.4. This thermodynamic approach would be adequately applied for assessing the physicochemical properties controlling the stereoselective acyl migration of diastereomeric profen glucuronides. Vol. 24, No. 7 
